fThe Air Force routinely tests turbine engines in fixed test cells, some of which have been cited by state pollution control officials for violations of opacity regulations. A previous theoretical study, CEEDO-TR-78-53, predicted that relatively low efficiency and low cost techniques could bring jet engine test cells into compliance with air pollution regulations. The system proposed included a water cooling spray and a mist eliminator followed by a medium efficiency, high velocity, throw-away type glass filter media. The most serious limitation of high velocity filtration is the aerosol mass loading and the potential for rapid pressure drop build up across the filter. Since filter loading characteristics could not be theoretically predicted, the objective of this follow-on work was to experimentally test and report the filter loading characteristics of glass fiber filters for possible application to jet engine test cell exhaust plume opacity control.
Two types of glass fiber media were tested:
(1) two different medium efficiency pre-filter media, and (2) two different high efficiency final filter media.eAll media were tested at a face velocity of 3 m/sec and some at 1.5 and 4.5 m/sec using a simulated jet engine test cell aerosol produced by burning #2 fuel oil in a fuel rich air stream to produce a carbon aerosol of 5+ mg/M concentration and having -80+ percent of the aerosol mass in the submicrometer (<1im) diameter size range.
Test data show that the two final filter media (noted as types III and IV) load rapidly and are therefore not recommended because of a rapid increase in pressure drop. Various combinations of prefilter media (noted as types I and I and final filter media (types III and IV) are also unsuitable for the same reason. Several tests were run on the filter media combination considered to have the best aerosol loading characteristics: this consisted of two layers of media I. Tests were run on four separate samples of media I to provide data for statistical analysis of test result variability. Even though a much lower pressure drop was noted with this configuration, it was considered unacceptable because the filters would require daily replacement.
A large reduction in filter pressure drop also resulted from water spray cleaning of the filter media and this technique may be promising for significantly extending filter life. 
BACKGROUND
The Air Force routinely tests turbine engines in fixed test cells, some, of which have been cited by state pollution control officials for violations of opacity regulations. Efficient and effective, but expensive techniques exist to control these visible emissions. Compliance with opacity regulations typically requires removal of approximately 50 percent of the opacity causing aerosol from a jet engine being tested at military power. Therefore, relatively low efficiency and low cost techniques are required which effectively control test cell emissions, reduce their environmental effect, and bring them into compliance with air pollution regulations. This effort provides background data which could be used to design a low cost opacity control system for jet engine test cells.
OBJECTIVE
The objective of this work was to test and report the filter loading characteristics of glass fiber filters for possible application to jet engine test cell exhaust plume opacity control. The filter loading data could be used to develop design criteria for a cost effective opacity reduction system. The system recommended includes a water cooling spray and a glass fiber mesh mist eliminator followed by a medium efficiency, high velocity, throw-away glass fiber filter (and a spray cleaning arrangement).
SCOPE
This contractual effort provides data on four different glass fiber filters and combinations of these filters. The data consists of measurements of filter loading characteristics for a simulated jet engine test cell aerosol. The data was used to select a filter media combination which has the lowest filter pressure drop increase while achieving an aerosol opacity reduction of at least 50 percent. The filter media, which was considered best, was tested at two velocities to determine filter cleanability with water spray. The best filter media type was tested at several variations of media thickness and face velocity. The data is discussed in relation to the economic and physical feasibility of jet engine test cell aerosol filtration by glass fiber media.
SECTION II TEST PROGRAM
I. TESTING PROCEDURE Sheets of the filter media were obtained from Owens-Corning Fiberglas Corporation. Ten centimeter diameter circular filters were cut from each sheet for aerosol loading tests. Filter specimens were examined, marked and weighed before being mounted in specially constructed holders fitted onto standard high-volume air sampler motor-blower units. Each filter holder/ blower assembly had a filter pressure tap and a calibrated blower air flow rate indicator (see Figure 1) .
A total of four filter holder/blower assemblies were then mounted on top of an aerosol mixing chamber (see Figure 2) . Test aerosol from an oil burner assembly and ambient air were mixed and ducted to the mixing chamber (see Figure 3 ). Air was drawn through the chamber by the test filter blower units at a known controlled rate. A mixing chamber sampling port was used to draw off an aerosol sample for aerosol size and mass concentration determination. The entire filter test assembly was set up and operated in a ten cubic meter steel tank test chamber.
Filter testing involved mounting the four filter test units in place, adjusting the flow rate to a predetermined value and then reading the initial filter pressure drop value. Test aerosol was fed through the four test filters for a recorded period of time and the filter pressure drops observed. Flow rates were adjusted to maintain the predeteraiined value and the filters loaded to a reasonably high pressure drop for a selected period of time. The final pressure drop was then recorded and the system shut down.
Upon completion of testing, the filters were removed from the holders for the final weighing. All filters were then stored in marked plastic bags.
Aerosol samples were drawn off from the mixing chamber to determine aerosol concentration and size distribution. Because of the finite time required to obtain adequate samples for aerosol analysis, together with the rapid filter loading or pressure drop increase, it was normally possible to obtain only one average aerosol measurement over a filter loading cycle.
TEST FILTERS
The four following glass fiber filter medias were obtained from OwensCorning Fiberglas Corporation (OCF) and tested both individually and in various combinations:
Media I -OCF Type PF-3340 (a prefilter material) Media II -OCF Type PF-3360 (a prefilter material) Media III -OCF Type Ffl-004 (a final filter material) Media IV -OCF Type FM-Oll (a final filter material)
Because of the appearance of a surface cake build up on the front face of the test filters, a fifth filter media was added and tested in combination with one of the above. This was a standard type furnace filter media of glass fiber construction and is referred to in the report as Media V.
The physical parameters for the four OCF test media are listed in Table  1 . Theoretical particle size versus collection efficiency for a clean filter media over the 0.1 to 1.0 on diameter particle size range are shown in Figures 4, 5 and 6. Nedias I and II are essentially identical in theoretical efficiency, therefore only one figure is used for these two media.
Cost of filter Medias I, II, Il and IV are all approximately $.80 per square meter and all are available from OCF.
TEST AEROSOL
A submicrometer carbon particle combustion aerosol was produced from a hydrocarbon fuel oil (number 2 oil). A metered quantity of fuel oil was injected and burned in the burner with a metered rate of combustion air. The air-to-fuel ratio was very rich, causing the fuel to burn to H 2 0 and some CO 2 with a large fraction of the carbon coming off as carbon aerosol. This carbon aerosol was then diluted with a measured volume of air to control the agglomeration of the aerosol. A schematic of the aerosol generator was shown in Figure 3 .
Aerosol size distribution was measured several times using a University of Washington inertial impactor. Approximately 84 percent by weight of the aerosol was in the submicrometer size range. Aerosol concentration was measured during most tests and found to average about 6 mg/M 3 . Data from these tests is summarized in Tables 2 through 12. 4.
FILTER TEST DATA a.
Individual Media Tests
Each of the four specified filter media was first tested at a specified superficial filter face velocity of 3 m/sec (10 ft/sec). Test results are shown in Table 13 . Test filter IV stuck in the filter holder, therefore a reliable weight gain (mass loading) was not obtained. This test was repeated and the results are shown in Table 14 (these tests are recorded as test run 1 and 2 respectively).
b. Combination Media Tests
As specified, the following combinations of pre and final filter media were tested at a filter face velocity of 3 m/sec:
(1) Media I plus III (2) Media II plus III (3) Media i plus IV (4) Media II plus IV Test results are shown in Table 15 . Because of a very rapid filter loading, tests were run on various prefilter combinations, the results being listed in Table 16 . Impactor size distribution data for these runs (3 and 4 respectively) is given in Tables 2 and 3 respectively. 3 iAL c.
Loading Uniformity Tests
Commercial filter media are relatively nonuniform in thickness and structure. The variability in media performaice was determined by simultaneous testing of four samples of Media I at 3 m/sec velocity. These four filter samples were tested over a 60-minute period, a final pressure drop recorded, and the filters removed for weighing to obtain a mass loading. Filters were then reinstalled in their respective test filter holders and a new initial pressure drop recorded at 3 m/sec velocity. Filters were loaded an additional 22 minutes at which time a final pressure drop was recorded. After removal, reweighing, and reinstallation, a final 25-minute loading test was run. Data from these test runs numbered 5, 6 and 7 is given in Table 17 . Impactor size distribution data is shown in Tables 4, 5 and 6 for the three respective run numbers. Collection efficiencies were not measured but are estimated to be about 50 percent for this filter media.
d. Combination Tests on Prefilter Media
Rapid loading of prefilter/final filter media combinations and relatively high collection efficiency of the prefilter media combinations indicated that a prefilter media combination would be the optimal for the stated purpose of opacity control. Four combinations of Type I and Type II prefilters were tested in a series of three loading tests over a 4-hour period (two 60-minute tests followed by a 120-minute test). Filter pressure drop and mass loading were determined at the end of each time period as previously described. Test data for these three test runs numbered 8, 9 and 10 are shown in Table 18 . Impactor size distribution data for runs 8 and 9 are given in Tables 7 and 8 . Collection efficiency for these prefilter media combinations was determined in run 4 (Table 16 ) to be about 80 percent.
e. Filter Tests at Various Face Velocities
Various combinations of prefilters were tested and the results presented in Table 18 . Results for the four combinations are not significantly different from each other. Two layers of Media I were selected as the filter combination with the best loading characteristics at various face velocities. Two layers of Media I were considered to have an ideal collection efficiency for a 50 percent or higher opacity reduction: therefore, most of the remaining tests involved two layers of Media I.
The effect of velocity on filter loading and pressure drop was shown at 1.5, 3.0 and 4.5 m/sec. Two tests were run in sequence for 60 minutes and then 30 minutes. Data from test runs 11 and 12 are shown in Table 19 . Impactor size distribution for these tests are shown in Tables 9 and 10.
In most of the tests, a thin but apparent surface layer accumulated on the front face of the first filter. This layer contributes to the pressure drop. In an attempt to decrease this effect, a layer of standard furnace filter'media (Media V) was placed in front of the prefilter media. The effect of this furnace filter media is inconclusive because a bonding agent or volatile coating on the furnace filter (Media V) caused a disproportionately low weight gain or mass loading on Media V. Pressure drop across the composite filter was not significantly changed. Table 20 . Impactor size distribution data was shown in Table  11 . Again a layer of Media V was tested with two layers of Media I.
Two layers of Media I appear as the better filter combination but additional data was desired at 1.5 m/sec velocity on collection efficiency comparing the media at 1.5 and 3.0 m/sec. Tests 14, 15 and 16 were conducted over a longer loading period (4 hours total) to obtain initial and final collection efficiency data at the two test velocities. An additional test was also run with a layer of Media V in front of Media I. Results from this final series of tests are shown in Table 21 .
f.
Effect of Water Sprays on Filter Pressure Drop
The effect of water sprays (water wash) on filter pressure drop was determined for several composite samples of Media I which were loaded at test velocities of 1.5 and 3.0 m/sec. Filters loaded in the last series of tests were used for the experiment. Results of this wash test are very significant in that the filter pressure drop was reduced by approximately a factor of four. Data from these cleanability tests (recorded as run 17) are shown in Table 22 . Filters were washed from the back side.
ONCLUSIONS
Four glass fiber filters, specified in the contract, were obtained from Owens-Corning Fiberglas Corporation. A submicrometer carbon particle combustion aerosol was produced and all filter media and media combinations were tested at a superficial filter face velocity of 3 m/sec. The best filter media combination tested consisted of two thicknesses of prefilter media. All four combinations of prefilter media were tested at 3 m/sec. One combination was tested at velocities of 1.5 m/sec, 3.0 m/sec and 4.5 m/sec. Several additional tests were then run on the filter media combination considered to have the best aerosol loading characteristics: this consisted of two layers of Media I. Tests were run on four separate samples of Media I to provide data for statistical analysis of test result variability.
As previously stated, the recommended filter media combination (having the best aerosol loading characteristics at the desired aerosol opacity reduction of greater than 50 percent) consists of two thicknesses of prefilter media. Final filter Medias III and IV were unacceptable because of very rapid increase in pressure drop with filter ioading. The second recommended filter media combination is two thicknesses of Media I at a reduced filter velocity (1.5 m/sec). Both of these combinations were tested several times and the loaded filters cleanability tests were run. The reduction in pressure drop by washing was very significant. Even with the recommended filter media combination at eithei 3.0 or 1.5 m/sec the filter pressure drop buildup is unacceptable and without in-place cleaning would require daily replacement.
For each filter or filter combination tested the filter test velocity, initial pressure drop, final pressure drop, and filter mass loading were determined and presented. Because of very rapid filter loading it was necessary to measure an average filter efficiency during the loading test.
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For the recommended filter combinations, it was possible to measure an initial filter efficiency during the first stage of loading and a final filter efficiency during the latter stage of loading.
Several plots of clean filter media particle size versus collection efficiency were presented for the tested filter medias over the 0.1 to 1.0 Pm size range for filtration velocities of 0.1, 0.3, 1.0 and 3.0 m/sec. These theoretical plots together with the measured impactor mass distribution data can be used to estimate opacity reduction based upon the measured aerosol mass collection efficiency. These theoretical plots were obtained using the filter media description data given in Table I and the calculation procedure described by K. T. Whitby in "Calculations of the clean fractional efficiency of low media density filters," ASHRAE Journal, September, 1965.
Loading and collection efficiency data is variable because of nonuniformity of the tested filter media, nonuniformity of the aerosol generation, test method variability and human errors. Data listed in Table 17 can be used to calculate a 90 percent significance level for filter loading at low, medium and high loading levels. At the 90 percent confidence level the variation from the mean is plus or minus 20, 18 and 31 percents for these three loading levels. This is considered acceptable data for this type of test program and satisfies contractual requirements.
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SECTION III
RECOMfr'ENDAT IONS All filter media combinations are adequate or more than adequate to provide a 50 percent reduction in plume opacity. However, none of the filter media tested have adequate in-place life to be used as a cost effective opacity reduction system. A large reduction in filter pressure drop resulted from water spray cleaning of the filter media and this technique is promising for the development of a workable system. Before the design criteria for such a system could be developed it would be necessary to develop an effective filter spray wash system and test it to determine the in-place life of the reconmnended composite filter media. Data could not be found in the literature on which to calculate or otherwise determine the effectiveness of such a filter cleaning system or the resulting life of the filter media. An experimental effort must be undertaken to develop an effective cleaning method which will extend the useful life of the in-place filter media. 
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